Abstract It is reported that the highly dispersed Pt nanoparticles on carbon nanotubes can be synthesized under mild conditions by in situ plasma treatment. The carbon nanotube was pretreated by O2 plasma to transform into oxide carbon nanotubes (O-CNTs), and then it was mixed with the precursors (the mixture of H2PtCl6 and PdCl6). After that, the O-CNTs and the precursors were simultaneously treated by H2 plasma. The precursors were transformed into Pt-Pd nanoparticles (NPs) and the O-CNTs transformed into CNT. The synthesized CNT-based Pt-Pd nanoparticles were characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy. All the analysis showed that the Pt-Pd nanoparticles were deposited on CNT as a form of face-centered cubical structure.
Introduction
The fuel cell is one of the major energy conversion devices used all over the world [1] . The key factor that determines the performance of a fuel cell is the catalyst [2] . A Pt catalyst has the most efficiency and has been applied a great deal. However, the cost hindered its application. It has been demonstrated that the use of the supports can prevent the particles from aggregation, and improve their catalytic activities. Therefore, Pt nanoparticles (NPs) are usually dispersed on high surface area supports. Among various types of supports, carbon nanotubes (CNTs) are most widely used because of their special electronic and mechanical properties. However, pristine CNTs do not have enough binding sites to anchor the metal ions, leading to poor dispersion of nanoparticles in composites. In order to improve the dispersion, some work tried to introduce functional groups on the CNT surface by chemical oxidation but these treatments always show poor performance in catalytic reactions due to the destruction of structures. Although metal NPs could be produced by electric arc discharge [3] , flame spray pyrolysis [4] , pulsed laser [5] and microwave plasma [6] , these techniques are energyconsuming and the high temperature and expensive equipment limit their application [7] . Other methods were also reported to prepare metal NPs on support such as ultra-sonication, electrochemical reduction or a microwave-assisted heating procedure [8−10] ; however, it still remains a challenge to synthesize homogeneous CNT supported metal NPs through simpler, more costeffective surfactant-free routes under mild conditions.
Recently, we used low-temperature plasma technology to modify supports and prepare catalysts [11−15] . The main advantage of this technology is its simplicity environmental friendliness, and the ease of inducing reactions at a relatively low temperature [16] . Moreover, it is a relatively mild approach which can effectively protect supports from structural destruction. The metals deposited on these plasmas treated CNTs were reported to exhibit higher activity in the methanol electro-oxidation than on the CNTs functionalized in other ways [17] . In this work, we present a facile plasma approach to synthesize Pt-Pd NPs on CNT (Scheme 1). The OCNTs were prepared by CNTs pretreated in O 2 plasma. Pt-Pd NPs on CNT (Pt-Pd@CNTs) were prepared by the simultaneous reduction of O-CNTs and the mixture of H 2 PtCl 6 and PdCl 2 under hydrogen plasma. All the plasma was generated in a home-made system. 
Preparation of Pt-Pd@CNTs
CNTs were treated in a home-made plasma generator ( Fig. 1) induced by a radio frequency inductively coupled plasma. The pressure in the reactor was evacuated to 5 Pa, and then the O 2 plasma occurring at 15 Pa was operated for 20 min to produce the O-CNTs. The O-CNTs were then mixed with the H 2 PtCl 6 and PdCl 2 solution (1 mmol/L) and balanced for 8 h. Then the mixture was dried at 353 K under N 2 conditions and then treated by hydrogen plasma (15 Pa) for 30 min under continuous stirring to grow Pt-Pd nanoparticles on CNT surfaces, and thereby to synthesize the PtPd@CNTs catalysts. Pt@CNTs and Pd@CNTs were prepared for comparing with Pt-Pd@CNTs catalysts in XRD. The preparation of Pt@CNTs and Pd@CNTs were the same as the preparation of Pt-Pd@CNTs. 
Characterization of Pt-Pd@CNTs
Transmission electron microscopy (TEM) images were performed on a JEM-2011F. The powder Xray diffraction (XRD) patterns of the samples were recorded on a D/Max-IIIA X-ray diffractometer (Rigaku Co., Japan) using Cu Kα (λ=1.5418Å). The X-ray photoelectron spectroscopy (XPS) analysis of the samples was conducted on a VG ESCALAB MKII spectrometer using a Mg Kα X-ray source (1253.6 eV, 120 W) at a constant analyzer. The energy scale was internally calibrated by referencing the binding energy of the C1s peak at 284.6 eV for contaminated carbon.
Results and discussion
TEM and HRTEM of the Pt-Pd@CNTs nanostructures are shown in Fig. 2 . The Fig. 2 (e) and (f) images confirm that Pt-Pd NPs are successfully deposited on the CNT surface. As shown in Fig. 2(c) and (d) , PtPd NPs are highly dispersed on CNT of about 5 nm to 10 nm. From Fig. 2(a) , the lattice spacing of PtPd nanoparticles is 0.23 nm, which is longer than the (111) lattice spacing of face centered cubic (fcc) Pd (0.224 nm) [18] . We could find that the particle from Fig. 2(a) is not the pure Pd. The HRTEM image (Fig. 2(b) ) found the particle of fivefold twins from the center of a star-shaped decahedron. We believe that the treatment of hydrogen plasma reduces the diameter of a particle [12] . During the time of treatment, to reduce the surface area, the particles tended to combine and become larger particles [19] . The proportions of Pt and Pd in Pt-Pd@CNTs were shown by EDS (Fig. 3) , and the crystal structure of the Pt-Pd@CNTs was investigated by XRD (Fig. 4) . According to EDS data, the atomic ratio of Pt and Pd in the Pt-Pd @CNTs is ca. 3:2. XRD profiles of CNTs ( Fig. 3(a) ) prove the existence of (002) (100) planes of graphite by the diffraction peaks at 26.1 o and 43.1 o . Outside the diffraction peaks of CNTs, other XRD patterns (Fig. 4(b)-(d) ) show the fcc structure of Pt, Pd and Pt-Pd [20, 21] . Because of the nuances of lattice parameter value between Pt and Pd, only the diffraction peaks of (111) planes of Pt-Pd@CNTs are slightly shifted to nearly 0.1 o values between Pt@CNTs and Pd@CNTs. The average lattice parameter value of the Pt-Pd@CNTs is 0.39185, by calculation of (111), (200), (220), (311) diffraction peaks. This value is different between those of bulk Pt (JCPDS-04-0802 Pt, a = 0.39224 nm) and Pd samples ((i) bulk Pd, JCPDS-46-1043 Pd, a = 0.38892 nm; (ii) 3 nm Pd nanoparticles, a = 0.3900 nm [22] ). The average lattice parameter value of the Pt-Pd@CNTs is between the pure Pt and the pure Pd, which can be explained as the partial substitution of Pd by Pt. The XPS spectra (Fig. 5(a) ) confirm the supported Pt-Pd NPs on CNT. In Pt-Pd@CNTs, the peaks at 71.65 eV and 74.96 eV correspond to Pt 4f, while those of Pd 3d occurred at 337.3 eV and 341.1 eV in PtPd@CNTs. The C1s high resolution XPS spectrum (Fig. 5(b) ) of Pt-Pd@CNTs shows that the peaks at 284.73 eV and 286.9 eV correspond to the graphitelike C=O. The Pd 3d signal of the Pt-Pd is deconvoluted into two components. The binding energies of two pairs of doubles locate at Pd 3d5/2 (335.98 eV), Pd 3d3/2 (340.66 eV), and Pd 3d5/2 (337.68 eV), Pd 3d3/2 (343.06 eV), which are assigned to Pd 0 and Pd II species, respectively (Fig. 5(c) ). The Pt 4f signal of the Pt-Pd is deconvoluted into two components. The binding energies of two pairs of doubles locate at Pt 4f7/2 (71.38 eV), Pt 4f5/2 (74.66 eV), and Pt 4f7/2 (72.98 eV), Pt 4f5/2 (76.36 eV), which are assigned to Pt 0 and Pt II species, respectively (Fig. 5(d) ) [23−25] . Fig. 6 shows a comparison between CNTs, O-CNTs and Pt-Pd@CNTs in the region from 1000 cm −1 to 3000 cm −1 . From Fig. 6 the D band (∼1340 cm −1 ) indicates the defect and dislocation in the C-C lattice, the G band (∼1585 cm −1 ) that means the quantity of sp 2 hybridized carbon [26] . I D /I G could provide the disorder degree of the samples. The treatment of oxygen plasma made the disorder degree of CNTs increase from 0.6 to 0.75, which can indirectly prove the augment of disorder degree. Compared with O-CNTs and Pt-Pd@CNTs, we found that the value of I D /I G reduces from 0.75 to 0.64, which means the reduction of hydrogen plasma decreases the content of disorder degree. According to the above, the plasma treatment plays an important role on the nucleation of Pt-Pd NPs on the CNT surface [27] . The formation of Pt-Pd NPs should be mainly governed by the oxygen groups on OCNTs surfaces [28] . The Pt-Pd formation under plasma exposition may be explained as follows: 1) The precursors (H 2 PtCl 6 and PdCl 2 ) were mixed with O-CNTs, then the mixture was dissolved in water. After that, the solution was ultrasonically treated for 10 h to make the precursor concentration become higher and higher following the evaporation of water, thus, the Pt-Pd crystals are well distributed on the O-CNTs surfaces.
2) The mixture is treated by inductively coupled H 2 plasma, which is resolved into H + and e − . Because the H 2 plasma is a kind of mild plasma, the precursor cannot get enough energy to be evaporated. Meanwhile, the electrons get enough energy that they are trapped by the precursor, which are then transformed into Pt
2+
and Pt0 atoms and Pd 2+ and Pd0 atoms. The Pt and Pd atoms aggregated together to form crystals which will grow larger and larger over time. So Pt and Pd NPs nucleated on CNT surface. 3) There are two processes which can make the O-CNTs transform into CNT. One is the etching effect caused by the energetic ions. In the plasma, ions have such high kinetic energy that they can cut out the bonds between C and O. Another process is a reduction effect. Electrons in the plasma can deoxygenize O-CNTs into CNT. The results point out that the low-temperature plasma technique is a promising method for the preparation of metal CNT nanocomposites under mild conditions in practical applications.
Conclusion
In summary, we prepared Pt-Pd@CNTs catalyst from the mixture of O-CNTs and the precursors (H 2 PtCl 6 and PdCl 2 ) by using a low temperature plasma technique, which can avoid using a chemical reagent though the entire process. The H 2 plasma is highly effective in activating both precursor ions and CNT under mild condition (30 o C). The facile, green and in-situ synthesis make the approach a promising alternative to prepare nanocatalysts in practical applications such as the catalysts of DMFC PEMFC and super capacitors etc.
